A high-performance liquid chromatography method employing diode array detection was developed to determine levels of the major catechins, proanthocyanidin (procyanidin B2), caffeine, thymoquinone and carvacrol and its isomer, thymol, which are present in different natural complex matrices found in commercial products of Camellia sinensis L. and/or Nigella sativa L. Reversed-phase separation was performed on a C18 column by using gradient elution by varying the proportions of solvent A (distilled water containing 0.05% orthophosphoric acid) and solvent B (acetonitrile), with a flow rate of 1.5 mL/min and duration of 31 min. Excellent linearity was observed for all standard calibration curves, and correlation coefficients were above 0.9996. The developed method is efficient, with high reproducibility and sensitivity, and is ideally suited for rapid and routine analysis of principal components in these promising medicinal plants.
Introduction
Medicinal plants have been used for the treatment of various human diseases throughout history. In addition, the pharmacological industry utilizes medicinal plants due to the presence of active chemical substances as agents for drug synthesis. They are also valuable for the food and cosmetic industries as a result of their antioxidant potential. Antioxidants play a crucial role in providing defense against oxidative stress, an imbalance between the generation of reactive oxygen species and the endogenous antioxidant status (1, 2) . Commonly used medicinal plants with antioxidant activity known worldwide belong to plants from several families, especially Theaceae (tea) and Ranunculaceae (black seed) (3, 4) .
Tea (Camellia sinensis L.) is nature's gift to humans. It is the most popular flavored and functional drink worldwide. Black, white, green and oolong teas are the major tea types (5-7). The nutritional value of tea is mostly from the tea catechins and condensed tannins, which are reported to possess a broad spectrum of biological activities, including antioxidant and antimicrobial properties, reduction of various cancers and protective effects against diabetes, cardiovascular diseases, hyperlipidemia and obesity (8) (9) (10) (11) .
The primary catechins in tea leaves are (-)-epicatechin (EC), its dimer procyanidin B2 (B2), (-)-epigallocatechin (EGC) and (-)-epigallocatechin gallate (EGCG). Moreover, tea contains other essential dietary compounds for human health, including caffeine, amino acids, vitamins, carbohydrates and trace elements (6, 7) .
Black seed (Nigella sativa L.) is another plant used as a source of antioxidants. It is one of the most extensively studied plants.
This annual herb grows in countries bordering the Mediterranean Sea and India. It has been traditionally used for the treatment of asthma, cough, bronchitis, headache, rheumatism, fever, influenza and eczema. Furthermore, it prevents many diseases, such as cancer, atherosclerosis and cardiovascular diseases (12) (13) (14) . Many of these activities have been attributed to its antioxidant potential (15, 16) . The greatest level of attention has been focused on its constituents as sources of antioxidants, including thymoquinone (TQ), carvacrol (CR) and the isomer thymol (THY) (17) (18) (19) (20) (21) .
Several analytical methods have been reported in the literature describing the determination of bioactive compounds in tea extract (TE) or Nigella sativa L. (NS) in separate samples, creating a need for reliable analytical methods. High-performance liquid chromatography (HPLC) is the most widely used method for the analysis of beneficial compounds in TE or Nigella sativa L. (22) (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) (35) (36) (37) (38) (39) . Other reported methods include gas chromatography (GC) (15, 32, 40, 41) , capillary electrophoresis (CE) (26, 42) , thinlayer chromatography (TLC) (43, 44) , high-performance thinlayer chromatography (HPTLC) (45) , spectrophotometry (33, 34) and square-wave voltammetry (37, 46) . However, no analytical method has been reported for the simultaneous analysis of EGC, EGCG, EC B2, caffeine (CAF), TQ, CR and THY in TE and Nigella sativa L. in the same formulation(s).
In a previous work, HPLC methods (25, 29) were developed for the determination of either the primary active components of green tea in tea products (29) or the primary active ingredient of N. satvia in their products (25) . Recently, other commercial products containing green tea extract and N. satvia have been produced. These products cannot be analyzed by using the previously published HPLC methods. Therefore, the aim of this work was to develop a simple HPLC method for the simultaneous determination of EGC, CAF, B2, EC, EGCG, TQ, CR and THY in their pure forms and in commercial formulations.
Materials and Methods

Chemicals and standards
Authentic standards of EC, EGC and EGCG were purchased from ChromaDex (Irvine, CA). B2, CAF, TQ, CR and THY were purchased from Sigma-Aldrich Chemie (Steinheim, Germany). HPLC-grade acetonitrile and methanol were purchased from Carlo Erba Reactifs-SDS SAS (France), and analytical grade orthophosphoric acid was purchased from BDH Laboratory Supplies (Poole, England). The column (250 Â 4.6 mm i.d.) was made of stainless steel and packed with Inertsil ODS-3v (5 mm particle diameter; GL Sciences, Tokyo, Japan). Data acquisition was performed by using EZChrom Elite software (Agilent Technologies).
A gradient elution was performed by varying the proportion of solvent A (distilled water containing 0.05% orthophosphoric acid) to solvent B (acetonitrile), with a flow rate of 1.5 mL/min and duration of 31 min. The initial composition of the mobile phase, consisting of 85% (v/v) of solvent A and 15% of solvent B, was maintained for 10 min. Solvent B was increased linearly to 16% at 11 min, 17% at 12 min, 18% at 13 min, 20% at 14 min, 30% at 15 min, 40% at 16 min and 50% at 17 to 31 min. The column was flushed with 100% B for 10 min and re-equilibrated for 5 min to starting conditions for the next run. The diode array detection (DAD) acquisition wavelength was set at 212 nm and all determinations were performed at 258C The injection volume was 20 mL. Before use, the mobile phase was filtered through a 0.45 mm membrane filter (Millipore, Milford, MA) and degassed under vacuum.
Standard solutions and calibration
Stock standard solutions were prepared by separately dissolving 10.0 mg of EGC, CAF, B2, EC, EGCG, TQ, CR and THY in 10 mL of methanol. For calibration, standard solutions were prepared by dilution of the stock standard solutions with the mobile phase. Before analysis, precautions were taken to ensure the stability of EGC, B2, EC, EGCG and TQ, which are light and heat sensitive. Thus, immediately after preparation, all solutions were transferred to amber-colored volumetric flasks or covered with aluminum foil and stored at 48C in a refrigerator. The concentration ranges were 1 -500 mg/mL for CAF, 0.1 -40 mg/mL for B2, 1 -100 mg/mL for EGC, EC and EGCG, 0.4 -500 mg/mL for TQ and 0.1 -10 mg/mL for CR and THY. Each standard solution was injected in triplicate (20 mL injection volume) and chromatographed under the previously specified conditions. Peak areas were plotted against the corresponding concentrations to obtain the calibration graphs. Linear relationships were obtained for each compound.
Sample preparation
For oil and liquid preparations, 1.4 mL of oil or solution was separately transferred into a 5 mL volumetric flask and the volume was completed with methanol. For tea bags and loose leaf tea samples, each tea sample (approximately 1.5 g) was extracted with 25 mL of methanol by using a sonicator (WUC-D06H Ultrasonic Sonicator, Daihan Scientific, Korea) for 30 min. The sample solutions were filtered through 0.45 mm disposable filters. The previously described calibration procedure was followed and the concentration of each compound was calculated.
Results
Optimization of the HPLC-DAD method
The specificity of the HPLC method is illustrated in Figure 1 , in which complete resolution of the eight compounds was achieved. The average retention times + standard deviations (SDs) for EGC, CAF, B2, EC, EGCG, TQ, CR and THY were found to be 4.91 + 0.04, 6.11 + 0.02, 8.48 + 0.06, 10.33 + 0.05, 12.53 + 0.09, 28.24 + 0.08, 29.65 + 0.07 and 31.16 + 0.07 min, respectively, for seven replicates. DAD acquisition was set to scan from 200 -400 nm, and the maximum sensitivity for the studied compounds was obtained at 212 nm. Characteristic parameters for regression equations of the method and correlation coefficients were obtained by least-square treatments of the results; these are given in Table I . 
Validation of the HPLC-DAD method
Linearity and range In this study, seven concentrations were chosen, ranging between 1 and 500 mg/mL for CAF, 0.1 and 40 mg/mL for B2, 1 and 100 mg/mL for EGC, EC and EGCG, 0.4 and 500 mg/mL for TQ and 0.1 and 10 mg/mL for CR and THY. Each concentration was repeated three times to provide information on the variation in peak area values between samples of the same concentration. Characteristic regression data, obtained by least-squares treatment of the results, are given in Table I .
Precision
Three concentration levels for each compound were assayed, as described under the general analytical procedure, and repeated three times within a day to determine the repeatability (intra-day precision) and three times on three different days to determine the intermediate precision (inter-day precision) of the method. Intra-day repeatability for three concentration levels ranged between 0.15 and 1.07% relative standard deviation (RSD). Inter-day levels ranged between 0.11 and 1.21% RSD.
Limits of detection and quantification
The limit of detection (LOD) and limit of quantification (LOQ) were calculated according to the current International Conference on Harmonization (ICH) guidelines as the ratios of 3.3 and 10 SDs of the blank (n ¼ 7), respectively, and as the slope of the calibration line (47) . The detection and the quantitation limits for EGC, CAF, B2, EC, EGCG TQ, CR and THY are given in Table I .
Selectivity
The selectivity of the method was assessed by preparing different mixtures of EGC, CAF, B2, EC, EGCG, TQ, CR and THY at concentrations within the linear range and analyzing these mixtures by the use of the proposed method. Satisfactory results were obtained, indicating that the method allows the highly selective analysis of EGC, CAF, B2, EC, EGCG, TQ, CR and THY. Accuracy Accuracy, which is the proximity of the most acceptable value, can be reported in terms of recovery by adding of known amounts of the studied compounds to a known concentration of the commercial products (standard addition method). The resulting mixtures were assayed; the mean percentage recovery values and their SDs of the proposed method for three replicates were calculated (Table II) .
Analytical solution stability EGC, CAF, B2, EC and EGCG solutions in methanol exhibited no chromatographic changes for 2 h when kept at room temperature or for 24 h when stored at 48C. Moreover, the drug solutions exhibited no chromatographic changes for approximately one month when kept in the freezer at -208C.
TQ, CR and THY solutions in methanol exhibited no chromatographic changes for 3 h when kept at room temperature, and for at least two weeks under refrigeration at 48C.
The light effect on all standard solutions was eliminated by the use of amber volumetric flasks. 
where c is the concentration in mg/mL and Y is the peak area. † 95% confidence limit, n ¼
7.
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Analysis of herbal samples
The proposed HPLC method was applied to the quantification of principal antioxidants in different commercial products. Every sample was analyzed in triplicate. Assays of samples are shown in Table II and Figure 2 .
Discussion
Optimization of the HPLC-DAD method
The primary goals during the development of an HPLC method are to achieve sufficient resolution between the studied compounds in a reasonable retention time. This can be achieved by adjusting different chromatographic conditions, primarily the type of stationary phase (type of column) and composition of the mobile phase. In this study, an Inertsil ODS-3v column (250 Â 4.6 mm i.d., 5 mm particle diameter) was selected for HPLC separation of the compounds because it produced the best separation in terms of resolution, symmetrical peaks and sensitivity in a reasonable retention time. The HPLC -DAD detection method was adapted, after extensive experimentation, to optimize the analysis.
To optimize the composition of the mobile phase, the previously published isocratic reversed-phase HPLC methods (25, 29) were tested first. The first method (25) produced severe overlap between EGC, CAF, B2, EC and EGCG ( Figure 3) ; when the methanol concentration was decreased (,35%), separation occurred, but the retention times for TQ, CR and THY greatly increased with a loss of peak symmetry.
When using the second method (29) , separation occurred, but with excessive tailing and long retention times for TQ, CR and THY ( Figure 4) ; increasing the acetonitrile concentration to more than 15% led to inadequate separation and characteristic overlap between EGC, CAF, B2, EC and EGCG. Therefore, the initial efforts to develop an isocratic reversed-phase HPLC method were unsuccessful. Because of the different polarity and chromatographic behavior of the active compounds of this study, it was necessary to develop a gradient method.
Satisfactory separation was achieved after testing several mobile phases and gradient profiles. The mobile phase, consisting of mixtures of acetonitrile and water containing 0.05% orthophosphoric acid and programmed in linear/gradient mode, successfully separated all compounds in a short run time.
Different quantities of orthophosphoric acid in the mobile phase were tested in the present study. Experiments showed that the effective amount of orthophosphoric acid in the mobile phase was 0.05%.
These conditions produced optimum resolution and clear baseline separation with reasonable retention times and without tailing of the peaks of the compounds.
Validation of the HPLC-DAD method
The performance of the proposed method was validated according to ICH guidelines. The linearity of the calibration graphs was tested by the high value of the correlation coefficient; additionally, the RSD values for inter-day and intra-day repeatability indicated the precision of the method.
The selectivity and accuracy of the method were assessed; the results showed that the proposed method was able to analyze the eight compounds from other endogenous interferences with high selectivity and accuracy. Moreover, the stability of the analytical solution was checked; it was found that TQ, CR, and THY solutions are more stable than EGC, CAF, B2, EC and EGCG solutions.
Analysis of herbal samples
The proposed HPLC method was able to remove the interferences of the other active components/excipients present in the herbal samples and the principal antioxidants were assessed with a high percentage of recovery.
Conclusion
In this study, a simple, sensitive, accurate, linear, precise, reproducible and repeatable HPLC -DAD method was developed for the simultaneous determination of EGC, CAF, B2, EC, EGCG, TQ, CR and THY in their pure forms and in commercial formulations, without interference from other constituents/excipients. The method requires minimal sample preparation and an uncomplicated mobile phase. Therefore, this method can be used for the routine analysis of EGC, CAF, B2, EC, EGCG, TQ, CR and THY in crude plant samples and commercial products.
